fluid volume was reduced from 50 cc. to 25 cc. Since the [Mg++] remained nearly constant it can be seen that a little more than 50 per cent was absorbed in this case.
Eight experiments of this type were performed and in each case the changes were the same in direction, and approximately the same in extent.
In two experiments the bicarbonate content and pH were determined in addition to [Na+] and [Cl-] , the former by the Van Slyke method and the latter with the quinhydrone electrode. The results for one experiment are given in table 1, where it can be seen that there is the characteristic impoverishment of the [Naf] , an approach to the blood plasma level (100 mM) by the [Cl-], a large increase in [HCO,] and a significant shift to the alkaline side in the pH.
The change in pH is opposite to that observed when univalent anion impoverishment is brought about by the presence of polyvalent anions.
Other polyvalent cations have been used to attempt to obtain a comparable result. When an isotonic solution containing equiosmotic quan- tities of AlCla and NaCl is placed in the gut no specific absorption occurs. The concentrations of both Na and Cl approach their respective blood levels. The original pH is 3.37, however, which is an absolutely unphysiological acidity, and may account for the absence of a polyvalent ion effect by its toxicity. The end pH of the solution was 7.18. FeC& and FeS04 have actions similar to AlC13. With CaC12 there was some Na impoverishment.
In 45 minutes the [Na+] fell to one-third af the blood plasma level. MnS04 likewise produced some Na impoverishment, its concentration falling to one-fourth of the plasma level in 45 minutes. The Cl impoverishment was somewhat greater in this case, its concentration falling to a fifth of the plasma level. The significance of simultaneous Na and Cl impoverishment will be discussed at greater length in the next section of the paper.
Two of the cobaltamine chlorides have been employed, the trivalent, and the hexavalent. The latter was ineffective, because of insolubility, we believe, but the trivalent cobaltamine [Co(NH&JCIB had a marked effect, causing a fall in [Na+] in the gut to one-fifth of the plasma level. Figure 2 shows the result of such an experiment.
The action of this polyvalent cation seems particularly significant in demonstrating the nonspecificity of the phenomenon.
To summarize, four polyvalent cations have been found to cause more or less impoverishment of the univalent cation in the gut, Mg++, [Co+++ (NHa) a], Mn++, and Ca++, named in decreasing order of effectiveness.
The Fe+++ and Al +++ did not produce any impoverishment effect, but it is believed that their general toxicity at low pH and their low solubility at physiological H+ concentrations will acccount for the absence of the effect.
It seems legitimate to conclude that polyvalent cations when non-toxic at concentrations at or near isotonicity, produce removal of Naf from the intestine against large concentration gradients. II. Uni-univalent salt impoverishment in the presence of a poly-polyvalent salt. Since it was observed that in the presence of a polyvalent cation Na is absorbed against its concentration gradient into the blood and that in the presence of a polyvalent anion the univalent anions are so absorbed, it becomes of interest to note what might occur when a poly-polyvalent salt is introduced along with a uni-univalent one in the intestine. It might be predicted that under these conditions the univalent cation and anion would both tend to disappear from the fluid in the intestine. As will be seen, the results bear out this prediction. In figure 3 one sees the result of an experiment in which two adjacent loops of lower ileum were treated exactly alike, except that in one instance the solution was one-half isotonic with Na#Oa and in the other instance with MgSO4. In the first case, as usual in such experiments, the [Cl-] is observed to fall to a small fraction of its blood level, in this instance to 9 mM. Within 45 minutes the [Sod---] has increased while the [Na+] has declined only slightly, and at the end of 90 minutes was still 40 per cent above its blood plasma level. In contrast, the adjacent loop containing MgSOa showed an impoverishment with respect to the plasma level of both Na and Cl, along with an increase in concentration of the MgS04. Comparable results were ob- It seems impossible to escape the conclusion that univalent ions can be transported out of the gut against large concentration gradients whenever a polyvalent ion of the same sign is present and only when that condition is satisfied.
One reservation should perhaps be made to that generalization, namely, that when a non-ionized crystalloid which is absorbed slowly from the intestine is present a slight impoverishment has been observed. In a few experiments sucrose was used and the concentration of NaCl fell to one-third of its plasma level, but practically all of such solutions are absorbed in 45 minutes and therefore conditions are not optimal for the demonstration of the effect in question. III. The importance of the pH in univalent ion impoverishment. When isotonic mixtures of Na&JOA and NaCl solutions are placed in the lower ileum there is regularly a decrease in pH of the fluid content over time, as Cl impoverishment is occurring. Fifteen experiments were performed and a typical example is presented in table 2. It will be noted that the pH of the originally unbuffered solution in the intestine fell from approximately 7 to 6.3, while the Cl in the intestine was falling to 4 per cent of the blood plasma level.
The [Hf] and related factors seem to be of some importance to the speed and extent of the Cl movement. In four experiments a comparison was made of the Cl absorption from buffered and unbuffered solutions containing bicarbonate. In table 3 are shown the results of two consecutive absorptions from a single loop of gut. In the first instance 100 cc. of the usual NaCl and Na2SOd mixture were introduced and in the second the same mixture containing 0.1 per cent NaHCOa. Several facts are to be noted in these results. It is seen first that there can be a Cl impoverishment of considerable extent without the gut-fluid being acid. In the second part of the experiment the pH did not fall below 7.19. It is ap-parent, however, that the Cl movement was not as rapid in this case as in the control, which would indicate that the conditions were less favorable for the occurrence of Cl impoverishment.
Furthermore, it will be seen that in the presence of NaHC03 the bicarbonate in the intestinal fluid may be nearly equal to that in the plasma without preventing the movement of Cl. The [HCOa-J was calculated from the total CO2 content and the pH using the Hasselbach equation and the value 6.1 for pK1. The H&O3 content was determined by constructing a pH-CO2 tension curve, and using the solubility factor a = 0.510. The true value of the pK in the equation when applied to the buffer system in the intestinal fluid may not be 6.1. For the higher CO2 values at high pH, however, the situation would not be materially altered by using any reasonable figure for this factor.
It would inevitably be true that Cl impoverishment could occur while a relatively high bicarbonate concentration was being maintained in the gut. It should be pointed out, however, that the figures obtained in this experiment were the highest we have ever obtained for gut fluid bicarbonate with the addition of NaHCOa to the intestinal fluid.
Ordinarily we obtained between 2 and 6 mM/l. HCOa-under these circumstances.
In four additional pairs of experiments the pH of the intestinal fluid was altered by the addition of phosphate buffers and the effects of these differences noted.
It was ordinarily found (3 times out of 4) that the absorption of Cl was faster from the acid buffered than from the alkaline buffered solutions.
An example is given in table 4. In these experiments the phosphate was used as the polyvalent ion and the buffer mixtures were as indicated in the the pH of its contents is evident in this experiment in which it is seen that over the course of 90 minutes the pH in the two adjacent loops has approached the same figure, 6.1. The Cl absorption was significantly greater, however, from the more acid solution.
In the one case in which there was no difference in the rate of absorption the Cl impoverishment was not satisfactory in either loop. As was noted in previous publications, the absorption against very high concentration gradients is not observed in every experiment.
Chilling of the animal and excess of anesthetic are particularly unfavorable factors, and it may be that the failure of this experiment to conform in results to those of the others, is to be accounted for on the basis of the unusually poor absorption rate.
The general regularity of the other results argues for this interpretation.
A few experiments have been performed in which the pH was measured when polyvalent cations were present in the intestinal fluid and univalent cation impoverishment was occurring. Table 1 cont$ains the results of the pH measurements in one such experiment. As was noted in the description of that experiment, the shift in pH is opposite to that observed when neutral salts of the uni-polyvalent type are introduced, and univalent anion impoverishment occurs.
No observations have as yet been made on the influence of buffering upon the univalent cation impoverishment.
The effects of acid and alkaline buffers on Cl impoverishment lead one to conclude that the pH is at least a minor controlling factor in determining the rate of absorption in this case.
IV. Ammonia accumulation and the univalent ion impoverishment. Various authors have previously reported ammonia production by the intestine, and have given different interpretations to the findings. Folin and Denis (7) stated that the high content of ammonia in portal vein blood is due to bacterial action in the intestine.
The literature on this subject before 1921 is exhaustively reviewed by Nash and Benedict (8 for ammonia determination in blood are so sensitive to differences in procedure that there is even today no agreement on the question of the true content of normal blood for this substance.
The chief difficulty is, of course, in arranging conditions so that ammonia will not be freed from substances which might liberate it in an alkaline medium.
We have not attempted to settle the arguments as to the ultimate validity of the ammonia methods but have followed the method of Nash and Benedict (8) . The several samples were treated alike and therefore our results have comparative significance, regardless of whether the absoh lte values are correct, because we are comparing similar fluids at various times and after different experimental procedures. Within wide ranges the absolute values are not important for the purpose of our arguments, and we have reason to believe that within those limits the absolute values are correct.
We are concerned chiefly with the contention that the true blood ammonia is normally very low, which is generally admitted, and the fact that relatively large quantities are formed in the intestine under the conditions of our experiments, which will, we believe, be evident from the data presented.
It was observed by Pendleton and West (9) that when isotonic NaCl solutions were placed in the bowel, urea entered the fluid, and that its concentration eventually exceeded the plasma level. They also noted that as much as 1 mgrn. per cent of NHa-N accumulated in the fluid over a 2 hour period.
This observation suggested to us the desirability of measuring the ammonia content of the intestinal fluid under the conditions of our experiments, and determining whether any correlation could be found between ammonia production or accumulation and impoverishment.
The ammonia content of the intestinal blood was determined in experiments on 52 dogs. A number univalent ion fluid and the of questions the increase were tested, the first being the regularity and magnitude of in NHa-N in the gut over time.
It should be noted that our methods (4) included the thorough flushing of the intestinal loop, until the washings were quite clear, and that samples of fluid were withdrawn and measured without contact with air. Blood was also handled without aeration, and NHS-N determinations made immediately. Without exception ammonia accumulated in the fluid in the gut while univalent ion impoverishment was occurring. An example is seen in the left hand portion of figure 4, marked control.
In this experiment an adjacent loop of gut was filled with the same solution plus 0.0007 M HgC12. It will be seen that in this loop the results were entirely different.
As we (5) have previously reported, Cl absorption against a concentration gradient is abolished by this poison, and in addition it is now seen that the ammonia accumulation is also virtually abolished.
In figures 5 and 6 are presented the results of similar experiments, with their controls, in which NaF, and NazHAsOa in the concentrations noted, were used. With RAYMOND C. INGRAHAM AND MAURICE B. VISSCHER these toxic substances, too, it is noted that the ammonia accumulation is inhibited when the Cl absorption is interfered with. Comparable experiments with NaCN and HZS gave similar results.
The simultaneous interference with both processes bespeaks an intimate relationship between active absorption and the metabolic processes yielding ammonia as one end product.
It would be improper, however, to assign a direct causative relation between the high ammonia gradient from gut to blood and the anion impoverishment, first, because the poisons in question also make the intestinal epithelium more permeable to the polyvalent ions-(note the decrease in SOa concentration in these experiments as contrasted with their controls)-and second, because no invariable relation exists between high gut ammonia and rapid Cl movement.
As noted before, in a small fraction of cases we do not obtain univalent ion impoverishment in the presence of polyvalent ions. Yet in these cases the gut ammonia rises as high as or higher than it does in the instances when rapid absorption occurs. (See table 5 .) This might, of course, be due to changes in the membrane making a high ammonia gradient ineffective in influencing the processes in question, but we have no positive evidence bearing on this point. In table 5 are presented figures for the simultaneous determination of ammonia in blood and in gut fluid at the time of maximum Cl absorption. In the 16 experiments for which these data are available 13 gave values less than 0.10 mgm. per cent for the blood NHa-N.
It happened that only those in which the blood NHa-N was 0.10 mgm. per cent showed poor Cl absorption. It is very unlikely that this could be the result of an accident in sampling. We believe it to be very probable that a high blood ammonia is unfavorable to the occurrence of specific absorption and that a
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ratio is favorable to such absorption. It may be that the absolute value of [NH& is more important than the ratio, and that the blood ammonia elevation represents a specific metabolic disturbance which influences the absorbing activity of the intestine. There were no pH determinations made in this group of experiments, so it is impossible to calculate [NH4+] with certainty, although when the pH is less than 7.0 a It is possible that changes in the pH of the blood would significantly alter the dissociation, however, because the blood pH range is critical for this dissociation.
To determine the influence of the blood concentration of ammonia more definitely, experiments were performed in which ammonium salts were injected intravenously while absorption was occurring from the intestine. In table 6 are presented the results of an experiment in which absorption was studied for two consecutive periods of 90 minutes each from the same loop of lower ileum. At the beginning of the absorption period in each case 50 cc. of a solution one-half isotonic each with respect to NaCl and From the point of view of establishing a relation between the ammonia gradient between the gut and the blood and the movement of Cl, however, these experiments are of no significance, because it will be noted that the level of ammonia in the gut was also greatly elevated by the intravenous injections. In every one of the six experiments there was an increase in blood ammonia brought about by the infusion. The relatively enormous increase of gut fluid ammonia following intravenous injection of its salts presents an interesting problem in itself. Both during and after the injection the gut fluid NHa-N represents approximately 100 times its concentration in plasma. It could not, therefore, have reached this level by simple diffusion toward equilibrium.
Most of the ammonia injected into the blood is rapidly converted to urea, presumably by the liver. This is evidenced by the regular increase in blood urea which we observed in these experiments.
There is also an increase in the urea in the intestine which in our experiments is approximately of the magnitude described by Pendleton and West. It might be supposed that urea were a precursor of the ammonia in the gut were it not for the fact that we have also in every experiment observed the gut urea to be highest during the second period of absorption when there is no longer increased urea production by the liver and the blood value for this substance is consequently falling, in this experiment from 39 to 31 mgm. per cent, and yet the ammonia in the gut is less than one-fourth of what it was at the lower gut urea level. We are led to suggest that there may be an intermediary between ammonia and urea circulating in the blood in appreciable quantities following injection of ammonium salts, which the intestinal epithelium may degrade to ammonia and which the liver is able to carry to urea. We have not investigated the possibility that this may be citrulline. The fact that intravenous injection of ammonium salts produces a very large increase in the NHa-N content of the gut provides, we believe, strong evidence that the ammonia in the intestinal fluid is of metabolic and not of bacterial origin.
The introduction of various amino acids and urea directly into the gut in relatively large quantities, that is, 50 to 100 mgm. per cent, does not significantly increase the gut ammonia, which should happen, it would appear, if the ammonia were derived in the above circumstances from the bacterial metabolism of such precursors in the intestinal fluid.
The evidence at hand is insufficient to indicate exactly how the ammonia production is related to active absorption in the intestine. The simultaneous abolition of ammonia accumulation and active absorption of the type in question as a result of poisoning by many substances gives good ground for believing that the two processes are definitely interrelated.
On the other hand, the fact that ammonia accumulation may occur without this type of active absorption proves at least that the presence of high ammonia is not the only factor necessary for the occurrence of the active absorption processes. One thinks of several ways in which the ammonia metabolism might be related to active/absorption.
It might be supposed that a high ammonia gradient between gut and blood might be responsible for the setting up of a membrane equilibrium of the type suggested by Teorell (10). Several facts preclude the possibility that such an interpretation is correct. First, the changes in concentrations are too great to be accounted for, and second, and more important, both anions and cations could not possibly be made to move simultaneously against concentration gradients on this basis.
One might suppose that the ammonia concentration differences would result in the setting up of a dynamic membrane potential resulting in abnormal osmosis as studied by Grollman and Sollner (11) . This possibility leads to an attractive hypothesis as to the mechanism of water movement but the assumptions which must be made in order to employ it are not easy to justify experimentally.
However, it should be pointed out that the processes of active absorption, like those of secretion, are themselves not simple and it seems too much to expect that an extremely simple system would be capable of bringing them about. The mechanism that we shall suggest in the last section of this paper is perhaps as simple as any which could be conceived to be capable of such selective processes.
A third possibility with regard to the relation of ammonia production to the process of active absorption should not be overlooked. It is not impossible that ammonia is a metabolic product of the chemical reactions going on in the intestine, the product itself having nothing directly to do with the dynamics of absorption.
Summarizing the results of the observations upon ammonia gradients in this connection it may be said that active absorption has never been observed without a high gut to blood ammonia gradient. The ratios are as great as 250 to 1 and never less than 25 to 1. Various poisons which abolish absorption greatly diminish the ammonia accumulation. Occasional instances of high ammonia gradients without specific absorption have, however, been observed.
It cannot be said, therefore, that a high ammonia gradient is the only factor necessary for univalent salt impoverishment.
V. A consideration of a possible mechanism of the active absorption process. Certain possible mechanisms by which specific active absorption might occur have been discussed previously (4) . As noted before, no ion exchange, or membrane equilibrium phenomenon has been found adequate to account for the various facts observed.
Although the facts now available do not permit rigid proof of any theory it is now possible to outline a plausible hypothesis accounting for the known circumstances surrounding the process. This theory suggests that, in essence, the selective transport of materials against high concentration
gradients is a result of the circulation of fluid through differentially permeable membranes. If one conceives of the more or less continuous movement of water through the intestinal wall into the lumen of the gut through structures completely impermeable (or nearly so) to all electrolytes, and a simultaneous flow of fluid in the reverse direction from the gut to the blood through other structures permeable to uni-univalent salts but impermeable to polyvalent ion salts, the basic mechanism is available which will account for the phenomenon in question. We shall refer to this concept as the fluid circuit mechanism. Diagrammatically the system can be pictured as shown in figure 7 , where A is a structure impermeable to all electrolytes and B is one impermeable only to polyvalent ion salts. If one postulates a driving mechanism for the continuous flow of fluid in the direction of the arrows, it is obvious that if I represents the intestinal fluid phase and II the blood phase, and if one starts with a mixture of uni-univalent and uni-polyvalent salts in compartment I, there will be a gradual decrease in concentration of uni-univalent salt in I, until eventually it will be present only in traces. This is the situation found by experiment in the living gut under these conditions.
The postulate of continuous active flow of fluid into and out of the gut is It consists of a mosaic pattern of various structures, even microscopically, and in dealing with such problems as fluid flow one might easily conceive of a mosaic pattern of sub-microscopic dimensions. Without committing oneself to such a simple theory one can point to the obvious facts that the intestinal glands are sites of flow of fluid from blood to gut, and that the villi are structures in which flow of fluid is toward the blood. The objection might be raised that the secretion of the intestinal glands, as it has been collected is not free from electrolyte, but contains significant quantities of NaHC03. A small amount of this salt in the fluid from this source fits the facts observed in section II of this paper, in which it was noted that univalent cation impoverishment is always less complete than anion impoverishment.
Moreover it should be pointed out that the composition of fluid collected from intestinal loops is not a satisfactory measure of the character of the secretion itself, since such fluid immediately flows over absorbing structures and is thereby altered in chemical composition. This fluid represents the algebraic sum of secretion plus absorption processes. It might be, and very probably is, considerably concentrated with respect to certain constituents by virtue of water absorption, and it may furthermore have materials added to it by diffusion through the epithelium.
Peters and we (12) have developed a mathematical expression describing the process pictured in figure 7 , assuming constant rates of fluid flow at A and B, and with the other assumptions mentioned in the discussion of the theory above, and it is found that the expression proposed fits the experimental facts satisfactorily, within the limits of error of measurement. The integral of the differential equation describing the physical process in figure 7 is:
where C is the concentration of uni-univalent salt at any time t, Co is the concentration at zero time, Vo is the original volume, V the volume at time, t, and Ri is the ratle of movement of fluid into chamber I (the intestinal lumen). For a complete derivation of this expression the reference above (12) should be consulted. In this expression Ri alone is incapable of direct measurement. It can be calculated by determining the other quantities at any two times. One notes that the value for Ri is substantially constant over 90 minutes of absorption. It is of some importance to observe that this equation is based upon the conditions of a real physical situation and that although Ri is mathematically an arbitrary constant it has a definite postulated physical significance. If the fluid circuit mechanism is to be a plausible concept the calculated values for Ri must be of reasonable magnitude.
In several experiments this value has ranged around 30 cc. per hour for a 20 cm. loop of lower ileum.
This approximates 0.5 cc. per square centimeter of epithelial surface per hour.
It is obviously not unreasonable to suppose that such a rate of flow might exist.
If only a small proportion of the total surface were involved in the process, which is likely, there would still be need of only relatively slow water movement in order to account for the phenomenon.
The observed and calculated data for a typical experiment are presented in table 7. The observations extended over 1.5 hours and by comparison of columns 2 and 6 it will be seen that until the chloride concentration fell to 2 mM there is satisfactory agreement between observed and theoretical figures. At this low level analytical methods are inaccurate and second order errors in the assumptions underlying the theoretical equation may enter in, particularly the assumption of complete impermeability of membrane A to all electrolytes might be in error. If it were permeable to only 2 per cent of the electrolyte in the fluid passing through it the deviation observed would be accounted for. The nature of the force driving the fluid through the membranes is a separate problem. It is the usual view that electrical forces operative at the membranes may account for fluid flow by abnormal osmosis. The work of Sollner and Grollmann (11) elucidates the kinetics of these processes, but it is not possible with the facts now available to demonstrate that all of the conditions necessary for such movement are satisfied in the intestine. Further studies in this field are indicated.
In summary, it is believed that the fluid circuit mechanism postulated will account for many of the known facts of the secretory or active absorption process under consideration. The driving mechanism for fluid has not
